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Unlike neurons in the central nervous system (CNS), injured
neurons in the peripheral nervous system (PNS) can regenerate
their axons and reinnervate their targets. However, functional
recovery in the PNS often remains suboptimal, especially in
cases of severe damage. The lack of regenerative ability of CNS
neurons has been linked to down-regulation of the mTOR
(mammalian target of rapamycin) pathway. We report here that
PNS dorsal root ganglial neurons (DRGs) activate mTOR fol-
lowing damage and that this activity enhances axonal growth
capacity. Furthermore, genetic up-regulation of mTOR activity
by deletion of tuberous sclerosis complex 2 (TSC2) in DRGs is
sufficient to enhance axonal growth capacity in vitro and in vivo.
We further show that mTOR activity is linked to the expression
of GAP-43, a crucial component of axonal outgrowth. However,
although TSC2 deletion in DRGs facilitates axonal regrowth, it
leads to defects in target innervation. Thus, whereas manipula-
tion of mTOR activity could provide new strategies to stimulate
nerve regeneration in the PNS, fine control of mTOR activity is
required for proper target innervation.

Whereas neurons in the central nervous system (CNS) have
limited capacity for regrowth after damage, neurons in the
peripheral nervous system (PNS)® have a robust ability to
regenerate their axons following injury. However, functional
recovery of injured peripheral nerves often remains subopti-
mal, especially in cases of damage to a significant length of a
peripheral nerve. Successful regeneration depends upon both
extrinsic cues in the environment and the activation of intrinsic
mechanisms to promote regrowth. The glial environment of
the adult CNS includes inhibitory factors that prevent axon
regrowth (1-3). Components of the glial scar, which forms after
CNS injury, act as additional barriers to axon regeneration (4).
Furthermore, CNS neurons display a decreased intrinsic capac-

* This work was supported in part by NINDS, National Institutes of Health
Grant ROTNS060709 (to V. C.). This work was also supported by the Wings
for Life Foundation (to F. W.).

1 The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. 1-5.

' Supported by a Washington University Summer Undergraduate Research
Fellowship.

2To whom correspondence should be addressed: Dept. of Anatomy and Neu-
robiology, Washington University in St. Louis, School of Medicine, Campus
Box 8108, 660 S. Euclid Ave,, St. Louis, MO 63110-1093. Tel.: 314-362-3540;
Fax: 314-362-3446; E-mail: cavalli@pcg.wustl.edu.

3 The abbreviations used are: PNS, peripheral nervous system; DRG, dorsal
root ganglial neurons; TSC2, tuberous sclerosis complex 2.

28034 JOURNAL OF BIOLOGICAL CHEMISTRY

ity to regenerate, as removal of extracellular inhibitory cues is
not sufficient to promote successful regeneration (5-7).

Injured peripheral neurons benefit from the absence of in-
hibitory signals in their environment and, in addition, ac-
tivate intracellular signaling pathways that enable axonal
regrowth. The “conditioning injury” paradigm observed in dor-
sal root ganglial neurons (DRGs) provides evidence for the
existence of such intracellular signaling pathways induced by
injury, which enhance axonal growth capacity (8 —10). Injury to
the sciatic nerve several days prior to dissection allows affected
DRGs to extend more elongated, rapidly growing axons in cul-
ture compared with DRGs not subjected to a conditioning
injury (9). This suggests that the robust response of peripheral
axons to injury is not merely a “default” state, but results from
activation of injury signals to increase axonal growth capacity.

Injury signals elicited both locally at the injury site and in
DRG cell bodies increase the intrinsic growth capacity (11).
Members of the MAPK family including JNK (12, 13), protein
kinase G (14), and Erk1/Erk2 (15) (16) are activated in injured
axons and retrogradely transported to the cell body, where they
activate downstream effectors required for regeneration. In
DRG cell bodies, transcription factors including c-Jun (17,
18), cAMP-response element-binding protein (19), STAT3
(20), and ATF3 (21) are activated and initiate transcriptional
changes that contribute to regeneration. Despite the growing
number of molecules identified that play a role in regeneration,
no single signaling pathway or transcription factor alone has
been shown to be sufficient for complete regeneration in the
PNS, suggesting that multiple pathways work in concert to
maximize axonal growth capacity.

Recent evidence implicates the control of protein synthesis
by the mTOR pathway in the ability of neurons to regenerate. In
non-neuronal cells, the mTOR pathway plays a critical role in
the regulation of cellular growth, proliferation, and survival
during development via the regulation of protein synthesis (22,
23). Upstream regulators of mTOR include Akt and the TSC1-
TSC2 complex, which sense the level of growth factors, nutri-
ents, ATP, and reactive oxygen species to either inhibit or acti-
vate mTOR (24). Activation of mTOR leads to the downstream
phosphorylation of S6 ribosomal protein and 4EBP-1 to initiate
protein translation (24). The developmental decline in mTOR
activity observed in retinal ganglion cells correlates with their
decreased growth capacity (25). Moreover, axotomy to retinal
ganglion cells leads to a further down-regulation of mTOR
activity (25). Activation of mTOR by deletion of the upstream
negative regulators PTEN (phosphatase and tensin homolog)
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or TSC1 promotes regeneration of retinal ganglion cells, sug-
gesting that mTOR activity is sufficient to increase growth
capacity in normally nonregenerating central neurons (25).
Although inactivation of mTOR activity is associated with
decreased growth ability in the CNS, it is not yet known
whether this pathway is activated in the PNS after injury and
whether it contributes to increased axonal growth capacity.

In this study, we report that the mTOR pathway is activated
in DRG neurons after injury. Inhibition of mTOR activity by
rapamycin partially blocks the conditioning injury effect in
DRGs, suggesting that mTOR activity contributes to the
enhancement of axonal growth capacity upon injury. Fur-
thermore, deletion of TSC2, a negative regulator of mTOR
activity, leads to increased basal level of mTOR activity, which
is sufficient to mimic the conditioning injury effect and en-
hance regeneration in vitro and in vivo. We further report that
mTOR activation increases the expression of the growth-asso-
ciated protein GAP-43, suggesting that mTOR-dependent
increased protein synthesis contributes to enhance regenera-
tion of injured peripheral neurons.

Although peripheral nerves display remarkable regenerative
abilities, functional recovery often remains suboptimal. The
time required for a complete recovery generally depends on the
distance the axons must regenerate to their targets. In cases of
damage to a significant length of a peripheral nerve, recovery is
slow and limited, even when nerve grafts are inserted surgically
to provide a bridge to promote axon regeneration. Therefore,
manipulation of mTOR activity could provide new strategies to
stimulate nerve regeneration in the PNS. However, our results
also suggest that constitutive mTOR activation by TSC2 dele-
tion lead to major defects in target innervation and axon mor-
phology. Thus, mTOR activity must be controlled carefully to
allow for proper axon regeneration, targeting, and functional
recovery.

EXPERIMENTAL PROCEDURES

Antibodies and Reagents—The following antibodies were
used: anti-tuberin/TSC2 (Santa Cruz Biotechnology, C-ter-
minal), anti-phosphorylated S6 ribosomal protein (Cell Sig-
naling, serine 240/244), anti-S6 ribosomal (Cell Signaling
Technology), anti-a-tubulin (Sigma), SMI-31 and SMI-32
(Sternberger Monoclonals, Inc.), anti-B-actin (Sigma), anti-pe-
ripherin (Millipore), anti-caspase-3 (Millipore), anti-GAP-43
(Abcam), anti-Tau (Synaptic Systems), and anti-GAP-43
(Chemicon) when used with anti-Tau. For TUNEL staining, an in
situ cell death detection kit (Roche Applied Science) was used.

Animals—For experiments involving wild-type animals, C57B6
6-to-9-month-old females from Harlan were used. Tsc2™*/*
animals were described previously (26) and Advillin“““"* mice
were used to drive expression of Cre in sensory neurons, based
on the previous characterization of the advillin-human pla-
centa alkaline phosphatase reporter mouse (27, 28). To gener-
ate Tsc2"*7"°%, Advillin“"*’* conditional knock-out mice, we
crossed Tsc2"*7° females to Advillin“*“"* males to gener-
ate Tsc2™";Advillin®“™" animals. Then, Tsc2"7"%Adyil-
lin*’" females were crossed to Tsc2™*;Advillin“" males to
generate Tsc2" 7 Advillin“*" conditional knock-out animals
and Tsc2™*°* Advillin™"™ littermate control animals. Geno-
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type was confirmed by tail PCR at weaning age. 4 — 8-Week-old
animals and sex-matched littermate controls were used for all
experiments.

Surgical Procedures and Drug Treatment—All surgical pro-
cedures were approved by the Washington University in St.
Louis, School of Medicine Animal Studies Committee. Sciatic
nerve injury experiments were performed as described previ-
ously (12). Briefly, the sciatic nerves of mice were ligated, axo-
tomized, or crushed unilaterally at the midpoint, and mice were
sacrificed at the indicated time after surgery. For biochemistry
on DRG cell bodies, L4, L5, and L6 DRGs were dissected from
both the injured side and the contralateral uninjured side for
control. For biochemistry on the sciatic nerve, equal lengths (5
mm) of the proximal and distal parts were homogenized. DRGs
and sciatic nerves were homogenized in lysis buffer (20 mm
Tris-HCL, pH 7.5, 150 mm NaCl, 1 mm Na,EDTA, 1 mM EGTA,
1% Triton X-100, 2.5 mm sodium pyrophosphate, 1 mm 3-glycer-
ophosphate, 1 mm Na;VO,, 1 pug/ml leupeptin) with phosphatase
inhibitor mixtures 1 and 2 (Invitrogen). Equal protein amounts
were loaded and analyzed by SDS-PAGE and Western blot.

Rapamycin was delivered by intraperitoneal injection at 5
mg/kg body weight. Rapamycin was dissolved in 200 ul DMEM
from a 10 mg/ml stock solution in dimethyl sulfoxide. An
equivalent volume of dimethyl sulfoxide was dissolved into 200
ul DMEM for vehicle control. Intraperitoneal injection was
performed 1 h before sciatic nerve ligation and was repeated 2
days following ligation. Animals were sacrificed, and DRGs and
nerves were dissected 4 days following ligation.

Primary DRG Culture and Immunofluorescence—L4, L5, and
L6 DRGs were dissected and dissociated in 0.7 mg/ml Liberase
Blendzyme 3 (Roche Applied Science), 600 ug/ml DNase, 10
mg/ml BSA, in DMEM air (DMEM/F12 supplemented with 10
mM glucose and 1% penicillin/streptomycin) at 37 °C for 15 min,
followed by trypsinization with 0.25% trypsin in DMEM air at
37 °C for 15 min. DRGs were then triturated and placed in culture
medium (DMEM, 10% EBS, 1% penicillin/streptomycin) with 50
ng/ml NGF (Invitrogen) on poly-p-lysine-coated plates.

After 20-24 h, DRGs were fixed in 4% paraformaldehyde and
4% sucrose in PBS for 10 min. For immunofluorescence stain-
ing, cells were permeabilized and blocked in 10% goat serum,
0.1% Triton X-100 in PBS for 15 min. Staining was performed
with the indicated primary antibodies for 30 min at room tem-
perature and with Alexa-conjugated secondary antibodies for
20 min. Images were acquired with a Nikon Eclipse TE2000-E
inverted microscope and analyzed using Nikon NIS Elements
Advanced Research 2.30 Imaging software. T'o quantify levels of
axonal outgrowth, we measured the distance between the cell
body and the tip of the longest axon and annotated this mea-
surement as the radial projection length. For each condition,
radial projection lengths of all cells imaged were measured, and
both means and histograms were used for comparison across
conditions.

Immunohistochemistry—Crushed sciatic nerves were dis-
sected and fixed for 1-2 h in 4% PFA in PBS and then cryopro-
tected overnight in 20% sucrose. Posterior hind paw skin sec-
tions were fixed in 15% picric acid, 2% paraformaldehyde in PBS
for 3—4 h and cryoprotected in 30% sucrose for 48 h. Nerves and
skin were embedded in Tissue-Tek O.C.T. and frozen in dry
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FIGURE 1. The mTOR pathway contributes to enhance axonal growth capacity after peripheral nerve
injury. Injury to the sciatic nerve of wild-type mice was induced by ligation, and S6 phosphorylation levels
were assessed in L4, L5, and L6 DRG cell bodies at the indicated time points. A, time course of S6 phosphory-
lation in DRG cell bodies showed increased S6 phosphorylation 1 to 2 days following ligation. A representative
Western blot is shown for each time point. Cytochrome ¢ (cyt c)was used as loading control. B, quantification of
fold change in S6 phosphorylation levels between DRG cell bodies from injured and uninjured nerves shows a
2-fold increase in S6 phosphorylation 1 day after ligation, which reached basal level 4 days following ligation.
S6 phosphorylation levels were normalized to loading control. At least four mice were tested for each time
point. Data are mean = S.E. *, p < 0.05 (Student’s t test). C, quantification of mean radial projection length of
cultured DRGs from wild-type mice treated with rapamycin or dimethyl sulfoxide by intraperitoneal injection
and then subjected to sciatic nerve ligation to provoke injury (see “Experimental Procedures” for details). L4, L5,
and L6 DRGs were dissected and cultured 4 days later in the presence of NGF. DRGs cultured from injured sciatic
nerves showed enhanced axonal outgrowth at 24 h in culture. This effect was blocked partially by rapamycin
(n = 4 mice per condition). 100-350 neurons were analyzed per condition. Data are mean = S.E.*, p < 0.05;**,p <
0.01; ***, p < 0.001 (Student's t test). D, as in C, but a histogram of the distribution in radial projection lengths of
injury-conditioned DRGs for one representative experiment. E, selected images of cultured DRGs from C. Images of
injury-conditioned DRGs were selected from the far right tail of histograms shown in D. For a comprehensive set
of images, see supplemental Fig. 1. Axons were stained with a SMI-31 antibody. Bar, 100 wm.

using Metamorph 6.2. Fluorescent
images from hind paw skin sections
were acquired using an Olympus
500 confocal microscope. Confocal
images were acquired at 1-um in-
tervals, and all images from one
30-um stack were compressed into
one image using Metamorph 6.2.

RESULTS

The mTOR Pathway Is Activated
in DRG Cell Bodies following Injury
and Contributes to Enhance Axonal
Growth Capacity after Injury—To
test whether peripheral neurons up-
regulate the mTOR pathway follow-
ing injury, we induced sciatic nerve
injury by ligation and then dissected
and analyzed L4, L5, and L6 DRG
cell bodies 1 to 4 days later. Phos-
phorylation of ribosomal S6 protein
(S6), a downstream effector of
mTOR, was used as a marker for
mTOR activity. One day following
sciatic nerve ligation, we observed
an ~2-fold increase in the level of
phosphorylated S6 protein in DRG
cell bodies from the ligated nerve
compared with those from the con-
tralateral unligated nerve (Fig. 1, A
and B). By 4 days post-ligation, S6
phosphorylation levels returned to
basal (Fig. 1B), revealing the tran-
sient nature of the mTOR pathway
activation. We also observed in-
creases in the total level of S6 pro-
tein (Fig. 1A4), suggesting that the
mTOR pathway might regulate the
expression of S6 protein itself.

Activation of the mTOR pathway
was shown to mediate in part the
increased growth capacity of retinal
ganglion cells (25). To determine
whether increased mTOR activity
after injury also contributes to the
enhanced axonal growth capacity
of DRGs, we used the conditioning
injury paradigm, in which prior in-
jury causes a transition in neuronal

ice-cooled methanol. Serial 10-um (nerve) or 30-um (skin) cry-
ostat sections were cut and mounted onto coated slides
(Thermo Fisher Scientific). Sections were permeabilized and
blocked with 10% goat serum, 0.1% Triton X-100 in PBS for 30
min. Primary staining with the indicated antibodies was per-
formed in the blocking solution overnight at 4 °C. Staining with
Alexa-conjugated secondary antibody was performed for 1 to
3 h. Sciatic nerve images were acquired with Nikon Eclipse
TE2000-E inverted epifluorescence microscope and analyzed
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morphology (or “growth pattern”) from compact, branched
arbors to elongated, more sparsely branched axons (9). We
tested whether the presence of rapamycin, a potent inhibitor of
mTOR activity during the conditioning injury, blocks the
increase in axonal outgrowth. To measure the extent of axon
outgrowth, we calculated the distance between the cell body
and the tip of the longest axon (“radial projection length”).
DRGs cultured from mice injected intraperitoneally with vehi-
cle as a control showed the expected ~2-fold increase in mean
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FIGURE 2. TSC2KO DRGs display enhanced axonal outgrowth in vitro. A, Western blot of DRG cell bodies and
brain lysates from TSC2KO and control animals show that TSC2 protein levels are dramatically reduced in DRGs
but notin brain. As expected, S6 phosphorylation level is increased in TSC2KO compared with control animals.
A representative Western blot is shown. B, quantification of A (n = 5 mice per genotype). Data are mean = S.E.
**,p <0.01 (Student's t test). C, quantification of mean radial projection length of naive and injury-conditioned
DRGs cultured from TSC2KO mice and controls in the presence of NGF (see “Experimental Procedures” for
details). TSC2KO DRGs show enhanced axonal outgrowth in the absence of a conditioning injury. Injury to the
sciatic nerve 4 days prior to dissociation does not further increase axonal outgrowth in TSC2KO DRGs (n = 3
mice per genotype). 60-370 neurons were analyzed per condition. Data are mean = S.E. n.d., no statistically
significant difference. *, p < 0.05; **, p < 0.01 (Student’s t test). D, as in C, but a histogram of the distribution in
radial projection lengths of cultured naive TSC2KO and control DRGs is shown for one representative experi-
ment. E, selected images of cultured DRGs from C. Images of naive and injury-conditioned TSC2KO DRGs and
injury-conditioned control DRGs were selected from the far right tail of their respective radial projection length
histogram. A comprehensive set of images is shown in supplemental Fig. 2. Axons were stained with a SMI-31
antibody. F, there was no significant difference in radial projection length between DRGs cultured from wild-
type;Advillin®®’* mice and those cultured from wild-type;Advillin™/* mice (n = 3 mice per genotype). 100-200
neurons were measured per genotype. Data are mean * S.E. n.d., no statistically significant difference (Stu-
dent’s t test). Bar, 100 um.

mTOR activity, in DRG. Tsc2~/*
mice (26) were crossed to mice
expressing Cre under the control
of the advillin promoter, which
is expressed almost exclusively in
peripheral sensory neurons (27, 28).
Tsc2*M% Advillin® ™" mice are
hereafter referred to as TSC2KO.
Tsc2"7o% Adyillin™*’" littermates
are referred to as control. Deletion
of TSC2 was confirmed by analyzing
protein expression in DRG cell bod-
ies and brain extracts by Western
blot (Fig. 24). As TSC2 is a negative
regulator of mTOR activity, we pre-
dicted that TSC2 deletion would
up-regulate mTOR activity. As ex-
pected, deletion of TSC2 in DRG led
to enhanced basal level of S6 phos-
phorylation, specifically in DRG cell
bodies (Fig. 2, A and B). We mea-
sured an ~2-fold increase in basal
S6 phosphorylation levels in DRG
cell bodies isolated from TSC2KO
mice compared with control litter-
mates, a level similar to the increase
in S6 phosphorylation levels we
observed in DRG cell bodies 1 day
after injury in wild-type mice
(Fig. 2B).

DRGs Lacking TSC2 Display En-
hanced Axonal Outgrowth in Vitro
and in Vivo—To test whether in-
creased mTOR activity is sufficient to
increase axonal growth capacity in
DRGs in the absence of a condition-
ing injury, we cultured DRGs from
TSC2KO and control mice and
assessed axonal outgrowth. TSC2KO
DRGs grew more elongated, less
arborized axons compared with
those of control DRGs, mimicking
the morphology of DRGs subjected
to a conditioning injury (Fig. 2, C-E,
and supplemental Fig. 2). The radial
projection length of TSC2KO DRG
axons was greater than that of con-

radial projection length upon a conditioning injury (Fig. 1, C-E,
and supplemental Fig. 1). In contrast, intraperitoneal injection
of rapamycin partially blocked the enhanced radial projection
of axons upon a conditioning injury (Fig. 1, C-E, and supple-
mental Fig. 1). These results suggest that the mTOR pathway
contributes at least in part to increase axonal growth capacity
following injury.

Deletion of TSC2 in DRG Leads to Elevated mTOR Activity—
To test whether mTOR activation is sufficient to increase
axonal growth capacity, we genetically increased basal level
of mTOR activity by deleting TSC2, a negative regulator of
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trol littermate and similar to that of control littermate DRGs
subjected to a conditioning injury (Fig. 2, C-E, and sup-
plemental Fig. 2). Conditioning injury to TSC2KO DRGs did
not significantly increase radial projection length compared
with the uninjured condition, suggesting that even without the
presence of a conditioning injury, TSC2KO DRGs have reached
their maximal growth capacity in this assay (Fig. 2, C-E, and
supplemental Fig. 2). The presence of the Cre recombinase is
not sufficient to enhance axonal growth capacity, as wild-
type;Advillin®*’* mice did not show significant difference
with wild-type;Advillin*’* littermate controls (Fig. 2F).
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in vivo (31). The length of GAP-43-
expressing axons past the crush site
was markedly increased in TSC2KO
sciatic nerve compared with that of
control littermates (Fig. 3, A and B).
We quantified this increase by nor-
malizing GAP-43 fluorescence in-
tensity to that at the crush site to
control for the increased GAP-
43 expression level observed from
TSC2KO DRGs (Fig. 4, B and C).
We calculated a regeneration index
by measuring the distance away
from the crush site in which the
average GAP-43 intensity is half
that observed at the crush site. The
regeneration index was significantly
higher in TSC2KO sciatic nerves
compared with control nerves for
both the 12 and 24 h time points
(Fig. 3C). Thus, this result suggests
that enhanced mTOR activity is suf-
ficient to facilitate axon regenera-
tion in vivo.

mTOR Activity Regulates GAP-
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FIGURE 3. TSC2KO DRGs display enhanced regeneration in vivo. TSC2KO and control mice were subject to
asciatic nerve crush, and regeneration of crushed axons was assessed 12 or 24 h later. A, longitudinal section of
sciatic nerve dissected 12 or 24 h after crush reveals increased length of GAP-43 positive axons past the crush
site in TSC2KO mice compared with control mice for both time points. A dashed line indicates a crush site.
B, average GAP-43 intensity at various distances distal to crush sites 12 and 24 h after crush reveal regenerating
axons grew longer distances in TSC2KO mice compared with controls. GAP-43 intensity values were normal-
ized to that at the crush site to control for the increased GAP-43 expression level observed from TSC2KO DRGs.
Data are mean = S.E (n = 3 mice per genotype). 3-5 longitudinal sections were analyzed per mouse for both
time points. C, regeneration index was measured as the distance away from the crush site in which the average
GAP-43 intensity is half that observed at the crush site. TSC2KO mice show a higher regeneration index com-
pared with controls at both 12 and 24 h time points. ¥, p < 0.05; **, p < 0.01 (Student's t test). Bar, 200 wm.

To test whether TSC2 deletion facilitates axonal regenera-
tion in vivo, we crushed the sciatic nerve in TSC2KO mice and
control littermates and assessed the level of regeneration past
the crush site 12 or 24 h later. To visualize regrowth of damaged
axons, longitudinal sciatic nerve sections were stained for the
growth-associated protein GAP-43. The reported concentra-
tion of GAP-43 in axonal growth cone (29) together with its
strong expression in regenerating axons (30) makes it an ideal
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43 Expression following Injury—
GAP-43 is a crucial component of
axonal outgrowth in developing and
regenerating neurons (30, 32, 33).
The enhanced growth capacity of
neurons lacking TSC2 may thus
result from an enhanced expression
of GAP-43. To directly test whether
mTOR activity regulates GAP-43
expression following injury, we
analyzed GAP-43 levels in nerve
portions proximal and distal to an
axotomy site and in contralateral
noninjured sciatic nerve by Western
blot. 24 h after injury, the GAP-43
protein level increased in the sciatic
nerve proximal to the injury site
in both TSC2KO and control mice
(Fig. 4, B and C). Accumulation
of GAP-43 in the proximal nerve
stump is consistent with its role
in promoting axonal outgrowth.
However, both the basal and in-
jury-induced levels of GAP-43 in
the sciatic nerve were significantly higher in TSC2KO mice
compared with controls (Fig. 4, B and C). The basal level of
GAP-43 expression also was enhanced in TSC2KO DRG cell
bodies (Fig. 4, D and E), but injury did not increase GAP-43
levels in the DRG cell bodies of TSC2KO mice or controls.
Cultured TSC2KO DRGs also showed a higher GAP-43
expression in both the cell bodies and the tip of growing
axons (Fig. 44).
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FIGURE 4. The mTOR pathway regulates GAP-43 expression. A, naive TSC2KO DRGs show enhanced cell body
and axonal GAP-43 expression in culture. Arrows indicate cell body, and arrowheads indicate axonal tips. B, injury to
the sciatic nerve of TSC2KO and control mice was induced by axotomy and GAP-43 levels in nerve portions proximal
and distal to the axotomy site and in contralateral noninjured sciatic nerves were analyzed by Western blot 24 h later.
Control mice show an increase in GAP-43 expression in sciatic nerve proximal to the injury site. Both the basal level
and injury-induced level of GAP-43 expression is enhanced in TSC2KO mice. GAP-43 levels were normalized to
loading control (tubulin). Data are mean = S.E. (n = 3 mice per genotype). *, p < 0.05 (Student’s t test). C, represent-
ative Western blot from one experiment (one mouse per genotype) from B. D, as in B, but DRG cell bodies were
analyzed. GAP-43 levels were increased in DRG cell bodies of TSC2KO mice compared with control. Axotomy did not
increase GAP-43 levels in DRG cell bodies in either genotype (n = 3 mice per genotype). **,p < 0.01. (Student’s t test).
E, representative Western blot from one experiment (one mouse per genotype) from C. F, rapamycin blocks increase
in GAP-43 expression after injury. Wild-type mice were injected intraperitoneally with rapamycin or dimethyl sulf-
oxide vehicle control, and then sciatic nerve injury was induced by ligation. Four days following ligation, unligated
and ligated nerve distal and proximal to the ligation site were analyzed for GAP-43 expression. Data are mean =+ S.E.
(n = 3 mice per condition). ¥, p < 0.05; ¥, p < 0.01 (Student's t test). G, representative Western blot from one
experiment from F. Bar, 100 um. a.u., arbitrary units; high exp., high exposure; low exp., low exposure.

To confirm that mTOR activity is required for the increase in
GAP-43 expression after injury, we tested whether inhibition of

and uninjured sciatic nerve. Intra-
peritoneal injection of rapamycin
1 h prior to injury partially blocked
the increase in GAP-43 expression
in the proximal injured nerve stump
(Fig. 4, F and G). These results sug-
gest that mTOR activity regulates
GAP-43 expression in peripheral
nerves following injury.

To determine whether the effect
of TSC2 deletion on GAP-43 ex-
pression is specific to GAP-43 or
is due to a global up-regulation of
protein translation, we determined
whether the levels of other proteins
also are increased in TSC2KO DRGs.
We examined the levels of peripherin
and B-actin, whose translation after
injury has been implicated in axon
regeneration (16, 34). The basal
level of peripherin and B-actin in
naive sciatic nerve were not signifi-
cantly different between control
and TSC2KO mice (Fig. 5, A and B).
Furthermore, the elevated level of
these proteins in injured sciatic nerve
also were unaffected by TSC2 dele-
tion (Fig. 5, A and B). The expression
levels of these proteins also were not
significantly altered in DRG cell bod-
ies of TSC2 KO mice compared with
control (Fig. 5, C and D). Thus,
mTOR may be regulating the ex-
pression level of a specific subset of
proteins that include GAP-43.

Deletion of TSC2 Leads to Abnor-
mal Target Innervation and Axon
Morphology in Vivo—Although ge-
netic enhancement of mTOR activ-
ity can facilitate axon regeneration,
persistent elevated levels of mTOR
activity may cause deleterious ef-
fects on axon target innervation and
morphology. To assess whether
constitutive mTOR activity alters
target innervation, we examined
sensory nerve innervation of hind-
limb glabrous foot pad skin in adult
TSC2KO and control littermates.
TSC2 deletion led to a significant
loss of epidermal innervation (Fig. 6,
A and B). We found no gross effects
of TSC2 deletion on neuronal sur-
vival (supplemental Fig. 3) or the
number of axons in the peripheral

branch of L5 DRG (Fig. 6, E and F), suggesting that the loss of
innervation is due to axon targeting defects rather than to

mTOR by rapamycin reduces GAP-43 protein levels in injured  degeneration or neuronal loss. Furthermore, of the sensory
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also on the intrinsic growth capacity
of the damaged neurons. Research
on nerve regeneration has focused
largely on identifying the inhibitory
molecules in the CNS environment
that act as barriers to regeneration.
Recent evidence suggests that in
addition to differences in their envi-
ronments, CNS and PNS neurons
differ in their intrinsic ability to
regrow their axons after injury.
Work in retinal ganglion cells has
implicated the mTOR pathway in
regulating the growth capacity of
neurons. Axotomy to retinal gan-
glion cells markedly reduces mTOR
activity (25), whereas genetic activa-
tion of mTOR activity by PTEN or
TSC1 deletion is sufficient to boost
n.d. the regenerative ability in these
normally nonregenerating neurons
(25). We found that in contrast to
retinal ganglion cells, DRG neurons
in the PNS activate the mTOR path-
way in response to injury. Activa-
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FIGURE 5. TSC2 deletion in DRGs does not affect peripherin or 3-actin expression. A, injury to the sciatic nerve
of TSC2KO and control mice was induced by axotomy. Peripherin and $-actin levels in nerve portions proximal and
distal to the axotomy site and in contralateral noninjured sciatic nerve were analyzed by Western blot 24 h later. No
significant difference in basal or injury-induced levels of peripherin or B-actin between TSC2KO and control mice
was observed. Peripherin and B-actin levels were normalized to loading control (tubulin). Data are mean = S.E.(n =
3 mice per genotype). n.d., no statistically significant difference. B, representative Western blot from one experiment
(one mouse per genotype) from A. C, as in A, but DRG cell bodies were analyzed. Peripherin and B-actin levelsin DRG
were not significantly different between TSC2KO and control. Data are mean =+ SEE. (n = 3 mice per genotype).
D, representative Western blot from one experiment (one mouse per genotype) from C. U, no axotomy; P, proximal;

D, distal; a.u., arbitrary units.

nerves that innervated the epidermis, a large proportion displayed
excessive branching at the axon terminal (Fig. 6, A and C). Not only
was the proportion of endings with excessive branching higher in
TSC2KO mice, the absolute number of these endings was also
greater (Fig. 6D). The presence of the Cre recombinase does not
alter skin innvervation, as wild-type;Advillin“"*" mice did not
show significant difference from wild-type;Advillin™* littermate
controls. These results suggest that TSC2 deletion leads to abnor-
mal target innervation and axonal branching.

DISCUSSION

The extent of axonal regeneration depends not only on the
presence or absence of inhibitory cues in the environment but

28040 JOURNAL OF BIOLOGICAL CHEMISTRY

tion of the mTOR pathway in DRGs
implies that the ability of PNS neu-
rons to regenerate is not solely due
to thelack of inhibitory molecules in
the environment but also to an
active intracellular mechanism that
enhance growth capacity. Indeed,
we find that rapamycin blocks the
enhancement in axonal outgrowth
following a conditioning injury,
suggesting that mTOR activity
contributes to boost the regenera-
tive potential after damage. The
observation that mTOR activation
is transient and returns to basal level
3 to 4 days following injury suggests
that prolonged mTOR activity may
further enhance PNS regeneration.

Similar to what was observed in
CNS neurons, we found that up-
regulation of the mTOR pathway is sufficient to enhance axonal
growth capacity in PNS neurons. Genetic ablation of TSC2, a
negative regulator of mTOR activity, led to enhanced axonal
outgrowth and regenerative capacity in DRGs. TSC2KO DRGs
grew faster, more elongated, and sparsely branched axons in
culture, similarly to wild-type DRGs subjected to a condition-
ing injury (9). Thus, increased mTOR activity is sufficient to
enhance axonal growth potential even in the absence of a con-
ditioning injury. We also observed that injured TSC2KO DRGs
grew farther past the injury site in vivo compared with control
DRGs. Based on our observation that TSC2 deletion primes
DRGs to grow long axons in vitro in the absence of a condition-
ing injury, TSC2KO DRGs also may be primed to respond to

TSC2 KO
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FIGURE 6. TSC2 deletion leads to abnormal target innervation and axon morphology. A, posterior hind paw glaborous skin sections were stained with
a-GAP-43 to visualize axonal endings innervating skin. Red dashed lines indicate epidermal layer. Low magpnification (15X) confocal images reveal fewer axons
penetrating the epidermal layer in TSC2KO mice compared with control. High magnification (60X) confocal images reveal enrichment of endings with
excessive branching (arrow) and sharp turning (arrowhead) compared with controls. The presence of Cre recombinase does not contribute to the innvervation
defects, as wild-type;Advillin®* mice did not show significant difference from wild-type;Advillin */* littermates or control. Bar, 200 uwm for 15X images, 50 um
for 60X images. B, quantification of innervation density reveals loss of skin innervation in TSC2KO mice. Data are mean = S.E. (n = 3 mice per genotype). 17-56
sections were analyzed per mouse. Quantification of percentage (C) and number (D) of nerve endings with excessive branching (axons with more than two
branches at tip or those that turned 90 degrees were counted). *, p < 0.05; n.d., no statistically significant difference (Student’s t test). E, cross-section of the
peripheral branch of L5 DRG stained with the axonal marker SMI-31 revealed no significant difference in axon number between TSC2 KO and controls.
F, quantification of E. (n = 3 mice per genotype). Two sections analyzed per mouse. Bar, 100 wm (E).

injury in vivo and initiate axon regrowth earlier than control the observation that TSC2 deletion can facilitate the regrowth
DRGs. Alternatively, TSC2 deletion may affect injury- induced  of crushed peripheral axons in vivo supports the notion that
retraction that occurs prior to axon elongation. Nevertheless, regeneration of injured axons in the PNS can be further
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enhanced. A more detailed analysis will determine the precise
mechanisms by which TSC2 deletion regulates regenerative
growth.

The major downstream targets of mTOR are components of
translation machinery, including those that regulate the
recruitment of ribosomes to mRNA. Protein synthesis plays a
critical role in both injury signaling (16, 35—-37) and the forma-
tion of new growth cones during regeneration (38). Several pro-
teins translated in peripheral neurons after injury, including
vimentin and importin (3, have been shown to be critical for
regeneration (16). However, whether their expression is regu-
lated by mTOR activity has not been explored. Our present
study identified GAP-43 as a downstream target of mTOR
activity. TSC2KO neurons showed enhanced GAP-43 levels
both in naive and injury-induced conditions. In addition, rapa-
mycin treatment partially blocked the increase in GAP-43 pro-
tein levels after injury, showing that the mTOR pathway regu-
lates GAP-43 expression. As GAP-43 plays a key role in axon
sprouting and outgrowth in regenerating axons (32, 33, 39, 40),
it is likely that the enhancement of axon growth capacity by the
mTOR pathway is at least in part due to the regulation of
GAP-43 expression. However, overexpression of GAP-43 alone
is not sufficient to fully stimulate regrowth of axons in the cen-
tral branch of DRGs into the spinal cord (10). Thus, the mTOR
pathway likely regulates the translation of a number of proteins
in addition to GAP-43 to maximize the axonal growth capacity.

Our work indicates that PNS neurons turn on the mTOR
pathway following injury, whereas CNS neurons do not (25). It
will therefore be important in future studies to identify the
upstream regulators of mTOR that are activated specifically by
PNS injury to better understand the poor regenerative ability of
CNS neurons. In non-neuronal cells, a number of upstream
regulators of mTOR have been identified and include the ser-
ine/threonine protein kinase Akt and the TSC1-TSC2 complex.
Growth factors, nutrients, and insulin, among other factors,
activate PI3K, which leads to the phosphorylation and activa-
tion of Akt. Active Akt in turn phosphorylates and inhibits
TSC2 activity leading to mTOR activation via the small GTPase
Rheb (41-45). Surprisingly, we did not detect Akt phosphory-
lation in DRG cell bodies 24 h after injury (supplemental Fig. 4),
a time point at which S6 already is phosphorylated (Fig. 1A).
Furthermore, we found that TSC2KO DRGs, which have an
increased basal level of S6 phosphorylation, are able to further
increase S6 phosphorylation levels upon sciatic nerve injury
even in the absence of TSC2 (supplemental Fig. 5). Thus, inac-
tivation of TSC2 by Akt may not account fully for mTOR acti-
vation in DRG cell bodies after injury, and other pathways inde-
pendent of TSC2 may converge to activate mTOR.

It is thus possible that injury-induced mTOR activation
occurs via TSC2-independent pathways. One TSC2-indepen-
dent mode of mTOR regulation occurs through phosphatidic
acid (46). Phosphatidic acid production is mediated by phos-
pholipase D1, which is activated by the small GTPase Cdc42
(47). Interestingly, Cdc42 mRNA is up-regulated in DRGs fol-
lowing axotomy, and Cdc42 overexpression induces enhanced
axonal outgrowth (48). Another possible TSC2-independent
regulator of mTOR activity is the JAK-STAT-SOCS3 signaling
pathway. SOCS3 is a negative regulator of JAK-STAT signaling,
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which suppresses regeneration in retinal ganglion cells (49).
Genetic deletion of SOCS3 in retinal ganglion cells is sufficient
to activate the mTOR pathway and promotes regeneration (49).
In DRGs, injury induces activation of JAK-STAT signaling
through the cytokine ciliary neurotrophic factor and its recep-
tor gp130 (50), suggesting that CNTF-mediated JAK-STAT sig-
naling may interact with the mTOR pathway after peripheral
nerve injury.

Enhancement of axonal regeneration in both CNS and PNS
neurons by activation of the mTOR pathway presents an excit-
ing therapeutic target for facilitating recovery from nerve
injury. However, it remains unclear whether up-regulation of
mTOR activity can promote successful target reinnervation in
addition to axonal regrowth. Recent evidence implicates the
importance of TSC2-mTOR signaling in various developmen-
tal processes in the CNS, such as axonal targeting of retinal
ganglion cells (51), growth cone dynamics during axon naviga-
tion (52, 53), and axon specification and neuronal polarity (54,
55). Our study suggests that TSC2-mTOR signaling also regu-
lates axon targeting and branching in peripheral neurons, as we
found that TSC2KO mice have marked defects in skin innerva-
tion and abnormal morphology of axonal endings. Although we
cannot exclude the possibility that these abnormalities are due
to mTOR-independent effectors of TSC2, it is likely that con-
stitutive activation of mTOR contributes to axon innervation
defects given the importance of protein synthesis and degrada-
tion in growth cone dynamics (56, 57, 58). Consequently,
proper targeting of regenerating axons also may be affected by
constitutive mTOR activation. Thus, while targeting the
mTOR pathway to increase the speed and extent of recovery of
both PNS and CNS neurons may represent an attractive clinical
strategy, it will be important to control the duration and level of
mTOR activity to allow for proper reinnervation of targets and
functional recovery.
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